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Introduction
total knee arthroplasty (tKA) is one of the most successful orthopaedic procedures indicated for end-stage osteoarthritis and other joint diseases of the knee. However, tKA is associated with significant blood loss. It is estimated that primary tKA can result in a post-operative loss of up to 2000 ml. 1 thus, tKA often requires blood transfusion and the transfusion rate ranges from 11% to 21% during tKA. 2 Blood transfusions are associated with increased risks of immunological reactions, infection, alloimmunisation, transfusion-related acute lung injury and 90-day mortality. 3 Many strategies have been developed for the management of peri-operative blood loss, including pre-operative autologous blood donation, various blood salvage techniques, careful haemostasis and the use of antifibrinolytic agents. 4 In recent years, tranexamic acid (tXA) has been widely used in orthopaedic surgery. tXA is a synthetic drug that reduces blood loss through inhibition of fibrinolysis and clot degradation. 5 Currently, various dosing regimens have been used for tXA, including intravenous (Iv), intra-articular (IA) and oral forms. 6 High quality evidence from systematic reviews and metaanalyses 7, 8 have confirmed the efficacy of Iv tXA and IA tXA in tKA. Recently, a new method, the combined use of Iv tXA and topical tXA has been used in orthopaedic surgery. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] However, the scientific evidence of combining Iv and topical tXA in tKA is still meagre.
thus, the aim of this meta-analysis was to identify all available randomised controlled trials (RCts) to assess the efficacy and safety of the combined use of Iv and IA tXA during tKA. this meta-analysis was designed mainly to discuss the following three questions: Is the combined application of tXA associated with less blood loss compared with placebo? Is the combined application of tXA superior to single-dose (Iv or IA) tXA for reducing blood loss? Does the combined application of tXA increase the risk of thromboembolism complications compared with placebo or single-dose tXA?
Material and Methods
Search strategy. this meta-analysis was conducted according to the preferred reporting items for systematic review and meta-analysis (PRIsMA) guidelines. 19 A comprehensive literature search was performed in the following databases: PubMed (search from 1966 . the literature search was restricted to studies published in English and Chinese. With the assistance of a librarian, the search terms included: tranexamic acid; tXA; combin*; knee; arthroplasty; replacement; and randomised controlled trials (RCts). In addition, the reference lists of retrieved studies and relevant reviews were also manually checked for additional publications. Inclusion criteria. Papers were included if they met the following criteria: the design was a RCt; patients undertook primary tKA surgery; the control group was placebo, Iv tXA or IA tXA; studies reported at least one outcome of our meta-analysis.
the primary outcomes assessed in this meta-analysis were blood loss (total blood loss, hidden blood loss and total drain output), transfusion rate and the drop in haemoglobin (Hb) level. the secondary outcomes were length of hospital stay and complications (deep vein thrombosis, infection and wound complications). Data extraction and risk of bias. Data extraction was conducted by two independent reviewers using a standard data extraction table. the following data were extracted from all eligible studies: study design; sample size; age; the dose of tXA in the combined group; surgical approach; and outcomes reported.
the methodological quality of each component study was assessed with the use of the Cochrane Reviewer's Handbook 5.1 for risk of bias. 20 the items included were the adequacy of randomisation, allocation concealment, blinding, incomplete outcome data (attrition bias), selective reporting (reporting bias) and other bias. Statistical analysis. Risks ratio (RRs) with their corresponding 95% confidence intervals (CIs) were generated for dichotomous data (transfusion rate, deep vein thrombosis, infection and wound complication) and mean differences (MDs) with 95% CIs were converted to continuous outcome data (blood loss, drop in Hb and length of hospital stay). to estimate the heterogeneity among studies, we calculated I 2 values and Cochrane Q statistics (with significance level of p-value < 0.1). In the presence of homogeneity (I 2 < 50%), the fixed effects model was used to estimate the overall effects. If there was significant heterogeneity among included studies, the random effects model was used. the meta-analysis was undertaken using RevMan 5.3 software (the Cochrane Collaboration, oxford, united Kingdom).
Results
Search results. A flow diagram for the study selection is shown in Figure 1 . our systematic search identified 146 potentially relevant studies. of those, 15 were excluded as they were discovered to be duplicates when checked through Endnote software. of the remaining 131 studies, 116 publications were scanned by reading the title and abstract. this process yielded 15 reports for full-text review. of these, ten RCts 9-18 fulfilled the inclusion criteria and were available for this meta-analysis. No additional publications were identified from manually searching the reference lists of retrieved studies and relevant reviews. Characteristics of included studies. the characteristics of the included trials are summarised in table I. A total of 1143 patients were randomised in the ten included RCts (table I) . of those, 532 patients were randomised to combination treatment, 287 patients to the single-dose treatment and 324 patients to placebo. sample sizes of individual RCts ranged from 70 to 146 patients. seven studies 9, 10, [12] [13] [14] [15] 17 compared the combination group with the placebo group, and six studies 9, 11, 13, 14, 16, 18 compared the combination group with the single-dose group. Eight studies used the medial parapatellar approach, one 16 used minimally invasive subvastus and the remaining study 13 did not report the surgical approach. the baseline characteristics of included studies were comparable among different groups (table I) . Methodological quality. the methodological quality of the studies was assessed by two independent reviewers according to the Cochrane Collaboration's tool for assessing risk of bias. Five of the ten included studies 11, 12, [14] [15] [16] reported an adequate sequence generation. only three studies 9, 15, 18 explicitly stated the allocation concealment. six studies 10, 13, 14, [16] [17] [18] reported blinding of outcome assessors and no outcome was selectively reported for any of the studies. the details of the results of methodological quality of the studies are listed in table II. Meta-analysis: combination versus placebo groups. there were seven RCts 9, 10, [12] [13] [14] [15] 17 comparing the combination of Iv and IA tXA with placebo were included for meta-analysis. A total of 635 patients were randomised either to the combination group (311 patients) or placebo group (324 patients). Primary outcomes: blood loss. All included studies reported the outcome of total blood loss, hidden blood loss and total drain output. the results showed that the combination group had significantly less total blood loss (mean difference (MD) = −622.98 ml, 95 % CI −1070.37 A total of five studies 11, 12, 14, 15, 17 involving 593 patients provided the results of the transfusion rate. Meta-analysis revealed that the combination group had a significantly lower transfusion rate (risks ratio (RR) = 0.24, 95 % CI 0.14 to 0.40; p < 0.05) compared with the placebo group (Fig. 3 ). (Fig. 10) .
Discussion
the most important findings of this meta-analysis were that, compared with placebo or single-dose tXA groups, the combination groups provided significant benefits with respect to reducing blood loss (total blood loss, hidden blood loss and total drain output), reducing transfusion rates and reducing drops in Hb levels. At the same time, combined application of tXA did not appear to increase the risk of deep vein thrombosis or infection. Forest plot of combination of intravenous and intra-articular tranexamic acid versus placebo in transfusion rates. Test for overall effect: Z = 6.61 (P < 0.00001) Test for subgroup differences: Chi 2 = 4.68, df = 2 (P = 0.10), I 2 = 57.3%
Fig. 2
Forest plot of combination of intravenous and intra-articular tranexamic acid versus placebo in blood loss. Heterogeneity: Chi 2 = 0.97, df = 2 (P = 0.62); I 2 = 0% Test for overall effect: Z = 0.66 (P = 0.51)
Fig. 5
Forest plot of combination of intravenous and intra-articular tranexamic acid versus placebo in deep vein thrombosis. Forest plot of combination versus single tranexamic acid in blood loss. tKA is usually accompanied by considerable perioperative bleeding because of the large exposed surface of cancellous bone and activation of local fibrinolysis. 21 Antifibrinolytic drugs, including epsilon-aminocaproic acid (EACA), aprotinin, and fibrin spray, as well as tXA, have been widely used to reduce blood loss following orthopaedic surgery. 22 the use of aprotinin is associated with allergic reactions, thrombosis, and nephrotoxicity, as well as spongiform encephalopathy. Aminocaproic acid has been shown to be more costly and yet less effective than tXA. 22 Fibrin sealants are more expensive than tXA although they have been reported to be as effective as tXA. 23 tXA has gained popularity in reducing blood loss due to its lower cost and safer profile than other anti-fibrinolytic drugs, with overall good penetration into major joints. 24 In general, there are three common methods of administering tXA to reduce blood loss in tKA: oral, Iv and IA. 5 High quality evidence from systematic reviews and metaanalyses has supported the use of Iv tXA 8 and IA tXA 7 in reducing blood loss and reducing blood transfusion rates 
Fig. 7
Forest plot of combination versus single tranexamic acid in transfusion rates. Forest plot of combination versus single tranexamic acid in length of hospital stay.
without increasing the incidence of thromboembolism complications. Recently, to find the most effective tXA regimen, a new strategy of tXA use -the combined-use strategy -was considered.
In this meta-analysis, ten RCts compared the efficacy of the combination regimen with placebo or single-dose tXA. Regarding the primary outcomes, our results showed that, compared with placebo or single-dose tXA, the combined regimen resulted in less blood loss, a lower transfusion rate and a smaller drop in Hb level post-operatively. these findings were in accordance with the findings of previous studies. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In our meta-analysis, the use of tXA in the combination group was usually prior to tourniquet application (Iv), 9, 12, [14] [15] [16] [17] before the wound closure (Iv or IA) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and after the surgery (Iv). [9] [10] [11] [13] [14] [15] [16] 18 thromboembolism complications are an important concern with the use of tXA, especially when using combined Iv and IA regimens. A systematic review 25 has reported the safety profile of tXA administration for tKA without any increased incidence of thromboembolism complications using different doses, timings and routes of tXA administration. In our meta-analysis, compared with placebo or single-dose tXA, the combined regimen did not increase the risk of deep vein thrombosis.
this study had the following strengths: first, to our knowledge, this is the first comprehensive meta-analysis to evaluate the efficacy and safety of the combined Iv and IA regimen of tXA in tKA; second, this meta-analysis included only randomised controlled trials, which provided high-level evidence for clinical practice; and third, the PRIsMA statement was applied in this study, ensuring the quality of the meta-analysis.
there are some limitations to this study: first, although only RCts were identified in our meta-analysis, the methodological quality of those included was not high. only five of ten RCts described the specific methods of randomisation, and three of ten studies used correct allocation concealment. secondly, in our meta-analysis only English and Chinese publications were searched and we did not search the gray literature so publication bias might exist. thirdly, we did not evaluate post-operative clinical functional outcomes in patients receiving tXA administration in tKA due to insufficient data in included studies. Fourthly, all studies included in our meta-analysis excluded the patients with high-risk factors, such as patients with cardiovascular disease or previous thromboembolic events. Finally, there was significant heterogeneity among some studies which may influence the statistical validity of this meta-analysis. High heterogeneity occurred several times in some outcomes, such as total blood loss and drain output. Any kind of variability among studies with regard to participants, interventions, study design and risk of bias in a meta-analysis is can result in study heterogeneity. 26 In this study, a randomeffects model was used to adjust for study heterogeneity. However, a random-effects model is not a substitute for a thorough investigation of heterogeneity. Due to the limited data of the included studies, we did not undertake subgroup analysis, thus conclusions had to be drawn with great caution under these circumstances.
In conclusion, based on ten RCts with a total of 1143 patients, our meta-analysis found that the combined use of Iv and IA tXA significantly reduced blood loss, lowered the transfusion rate and reduced the drop in Hb level without increasing the risk of thromboembolic complications. However, the variable sequence of Iv and IA tXA used in the combination group at varying doses and timings is a matter for future studies.
